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(54) Method of quenching of hot reactive plasmas 



(55) Plasma pyrolysis; plasma reactor; quench; Laval nozzle; compression; expansion; cool down; 
recycle gas; supersonic speed 

(57) The invention concerns a method for quenching of hot reactive plasmas. The method pertains to the 
intensive quenching of hot reactive plasma from plasma pyrolysis processes to prevent the breakdown of 
the hydrocarbons formed as the target products in the plasma reactor. By means of the solution of the 
invention, the quench process is substantially intensified, thereby greatly reducing in particular the 
breakdown of acetylene during the quench. According to the invention, the pyrolysis process gas moving in 
a separate circulation is compressed in a compression stage to a pressure of at least 0.2 MPa, then expanded 
in a Laval nozzle and accelerated to supersonic speed. The recycle gas, which has been accelerated and 
supercooled by the expansion, is mixed with the hot reactive plasma in a quench stage. The effects consist 
of a high mixing rate for the recycle gas, which is on the order of magnitude of that of the plasma, the 
viscosity of the pyrolysis gas is reduced by the supercooling, and the thermal gradient between quench gas 
and pyrolysis gas is increased. Thanks .to the combined action of all effects, the quenching rate is increased 
and the acetylene breakdown reduced. 
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Patent Claims: 

1. Method for quenching of hot reactive plasmas from plasma pyrolysis processes by a 
process-internal pyrolysis gas traveling in a separate circuit, characterized in that the 
recycle gas is accelerated by use of a Laval nozzle to supersonic speed and cooled 
down to a temperature below the ambient temperature. 

2. Method per Claim 1, characterized in that the recycle gas is compressed to at least 0.2 
MPa before entering the Laval nozzle. 

3. Method per Claim 1, characterized in that the hot plasma is injected into the recycle 
gas leaving the Laval nozzle. 

Area of Application of the Invention 

The invention can be used in plasma chemistry, especially in plasma pyrolysis processes, 
for quenching of hot plasma. 

Characteristics of the known State of the Art 

Highly endothermal target products from plasma pyrolysis processes of various fossil raw 
materials, such as acetylene and ethylene, are considered to be kinetically determined 
intermediate products of a radically occurring reaction process in the plasma pyrolysis 
reactor, which possess a maximum concentration during the time of occurrence of the 
reaction process, at which the processes of formation and breakdown are briefly in 
equilibrium. Hydrocarbons formed initially in the pyrolysis plasma break down into soot 
and hydrogen in the further course of the process if the high plasma temperatures are 
maintained. To prevent this process, the high-temperature chemical equilibrium 
prevailing in the plasma must be frozen as abruptly as possible by subjecting the plasma 
to a high-speed quenching process when the target products are at maximum 
concentration. 

The shorter the quench time, the fewer hydrocarbons break down into soot and hydrogen. 
The highest quench speeds at present can be achieved by injecting cold gas into the 
plasma jet. 

In DD-WP 260621, a method is presented for gas quenching of pyrolysis plasmas, which 
is characterized in that process-internal pyrolysis gas is used instead of outside gases such 
as hydrogen, being blown into the hot plasma jet. 

The quench rate achievable with this method is finite and bounded from above, since the 
thermal driving force between plasma and pyrolysis quench gas is determined by the 
pyrolysis quench gas, which is at ambient temperature or slightly elevated temperature. 
Secondly, the speed of the plasma leaving the plasma reactor is generally below that of 
the injected quench gas. This, as well as the high viscosity of the plasma, makes a quick 
mixing difficult. 

In DD-WP 240841 the hydrodynamics of the gas quench process is improved by 
mechanical means, such as parts built into the quench apparatus, and in particular an 
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intensive quenching of the center of the hot plasma jet is achieved. In this way, the 
quench rate can be further increased. 

However, with this solution as well, the maximum quench rate is bounded from above 
due to the unchanged stationary thermal driving force between plasma and quench gas, 
the same relations for the flow gas velocity, and the relatively high viscosities of the two 
components. 



Purpose of the Invention 

The purpose of the invention is to minimize the quench time during plasma pyrolysis, 
thereby increasing the effectiveness of the overall process. 

Presentation of the Essence of the Invention 

The basic problem of the invention is to diminish the factors which place an upward limit 
on the quench gas speed during plasma pyrolysis, such as the viscosity of the plasma and 
that of the recycle gas used as quenching agent, and at the same time to increase the 
momentum of the quench gas being mixed in and, thus, the mixing rate. The thermal 
driving force gradient between plasma and recycle gas should likewise be increased. 
Furthermore, one should improve the hydrodynamic conditions of the mixing. 
According to the invention, the problem is solved by using a method for quenching of hot 
reactive plasmas from plasma pyrolysis processes by a process-internal pyrolysis gas 
traveling in a separate circuit, which is accelerated by use of a Laval nozzle to supersonic 
speed and cooled down to a temperature below the ambient temperature. 
The recycle gas is compressed to at least 0.2 MPa before entering the Laval nozzle. 
Immediately after leaving the Laval nozzle, the recycle gas is injected into the hot 
plasma. 

The mode of operation of the invention consists in that the pyrolysis gas traveling in the 
circuit, having a temperature above and near the ambient temperature, is compressed to at 
least 0.2 MPa, and a cool down to a temperature below the ambient temperature is 
achieved by subsequent expansion in a Laval nozzle. The flow rate upon leaving the 
Laval nozzle is above the speed of sound, so that the momentum of the supercooled 
recycled gas is very high. This fast-flowing, supercooled recycle gas is mixed with the 
hot reactive plasma leaving the plasma reactor, according to the invention. 
Due to the high momentum of the supercooled recycle gas, the plasma jet is torn apart, 
combined with a high mixing rate. 

The second effect achieved by the solution of the invention is that the thermal driving 
force between recycle gas and plasma is increased by supercooling of the recycle gas by 
the expansion in the Laval nozzle, resulting in a faster and more intensive temperature 
equalization between the two media. 

A further effect is an increased thermal capacity of the circulating pyrolysis gas and, thus, 
a lower temperature of the gas mixture after the quench. Because of the low temperature 
of the supersonic recycle gas flow, the viscosity is reduced as compared to ambient 
temperature, which has positive impact on the mixing of plasma and recycle gas. 
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Sample embodiment 

In a plasma layout for plasma pyrolysis of coal in H 2 plasma for production of 300,000 
ton/year of acetylene, as well as hydrogen, ethylene and pyrolysis coke, [it] consists of 
fifty 10-MW plasmatrons with plasma reactor. 

The pyrolysis gas obtained from brown coal has the following composition: 

C2H2: 10 vol. % 
C2H4: 5 vol. % 
CO: 20 vol. % 
H2: 65 vol. % 

The pyrolysis coke load of the pyrolysis gas is 1-1.5 kg/Nm 3 . Inside this plasma layout, 
according to the invention, a pyrolysis gas circuit is implemented, in which a quantity of 
300,000 Nm 3 /h of recycle gas travels. At a central compressor station, the circulating 
pyrolysis gas is compressed to a pressure of 0.3 MPa within the circulation by two-stage 
compression with intermediate cooling and then cooled down to a temperature of 325 K. 
The adiabatic exponent in the pyrolysis gas flow is % = 1.36, the speed of sound in the 
pyrolysis gas in the resting state is 532 m/s. 

The compressed recycle gas flow is now divided among 50 plasma reactors and 
adiabatically expanded to a pressure of 0.12 MPa in a Laval nozzle for each of them in a 
quantity of 6000 NmM 3 /h per plasma reactor. 

In this way, the pyrolysis parameters after the expansion have been changed in the 
following manner: 

Speed of sound in the recycle gas: 443 m/s 
Speed of circulation: 695 m/s 
Temperature: 225 K. 

Furthermore, the viscosity of the recycle gas has been reduced by around 20% compared 

to the value under normal conditions. Into this supercooled circulating stream flowing at 

supersonic speed, 6000 Nm 3 /h of reactive hot plasma from the plasma pyrolysis reactor 

with a temperature of 2200 K is injected for each plasma reactor. 

Because the high speeds of plasma and supersonic recycle gas flow have comparable 

order of magnitude, and the viscosity of the recycle gas is greatly reduced compared to 

the ambient condition, there is an intensive mixing of both streams. 

Because of the greater thermal driving force between plasma and recycle gas, the quench 

is improved and the temperature equalization is accelerated, especially in the initial 

contact phase. 

A further positive effect is the higher energy uptake capability of the cold supersonic 
recycle gas flow and, thus, a lowering of the mix temperature, which is around 900 K. 
The quench process is much more effective overall, since the quench rate is increased by 
10-20%, and the acetylene breakdown is lowered by around 3000 ton/s in terms of the 
production capacity of the layout, compared to traditional types of quenching. 
After the quenching process, the pyrolysis gas (900 K, 0.12 MPa, 600,000 Nm 3 /h) is 
cooled down by recuperation of waste heat, the pyrolysis coke is eliminated by cyclones 



4 



DD 293 704 A5 



and other suitable solid separators, and 300,000 Nm 3 /h is removed from the pyrolysis gas 
flow for further processing. 

The other 300,000 Nm 3 /h is a second partial flow which is returned to the Laval nozzle in 
the circulation through the aforementioned compression. 

However, it is also possible to remove the partial flow for further processing after the 
compression stage. 

Another advantage of the invented method is that the hardware expense for implementing 
the method by simple means is very low and it guarantees a safe operation of the quench 
stage. 
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(57) Die Erfindung belrifft ein Verfahren zur Guenchung von he&en reaktiven Plasmen. Das Verfahren beziehtateh 
auf die Intensivquanchung van heiflen reaktiven Heamen bus Plasmapyrolyseprozessen zur Verhinderung des 2erf alts 
der alsZiefprodukte 1m Plasmareaktor gataitdeten Kohlenwasserstoffe. Mil Hilfa der erflndungsgemafien Loaung wird 
dtjf Quenchprozefc wesentlich intenaivtart und daduroh insbesondere der AcetytenzerfaM bairn Quench stark redurieit. 
Erfindur.jsgemSa wird in einem aeparaten Kratstauf umtaufendas praze&eigenaa Pyroiyaegas in akier 
Kompresaionsstufeeuf ernen Druckvon rnindestena 0,2 MPa verdichtet, snschiisfiand In einer LavaJdfise entspannt 
und auf Oberschallgeschwindjgkeit beechlaunlgt. Das durch die Entspannung beschieunigte und unterkuhlte 
Kreislaufgas wird in einer Guenchstufe mil dam haifien reaktiven PJasme vermtscht. Die Ef fekte besteftan in einer 
hohan Einmtschgeschwimligkett das Kreislaufgases, die cn der GreOenofdnung der des Plasmas liegt, in der durch die 
UnierkOhlung verminderten Viskoaitat des Pyrclyaegaaes sowie in der Erhdhung dee therrriischen Grsdienten 
zwischen Quench* und Pyrotysegas. Durch die kombiniertan Wirkungen alter Effckte wird die Ouenchgeschwmdigkart 
erhdht <ind der Acetylenzerfail reduziert* 
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PatentansprGche: 

1 . Verfahren zur Quenchung von heiflen reaktiven Piasmen aus PlasrnapYrolyseprozeaaen dutch ein in 
olnom aeparaten Kreistauf urn taufendea prote&aige'nes Pyrolyeegas, dadurch gekennzeichnet, dad 
unter Verwendung airier LavaldOse das Kreisfaufgaa auf Oberscnallgeschwindjgkeit beschleunigt 
und auP eine Temperatur unterhalb dor Umgebungstemperatur abgekQhlt wird, 

2. Verfahren nach Anspruch 1, dadurch gekeniueichnet, daft das Kreistaufgae vor Elntritt In dte 
LavaldQae auf mindastens 0,2 M Pa verdlchtet wird, 

3. Verfahren nach Anspruch 1, dadurch gefcennzefchnet, defi das haifie Plasma in das die Lavalduse 
verlasaende Kref slaufgas eingedOst wird. 



Anwendttngsgealst der Erffadung 

Ola Erffadurtg kann In der Plaamiicrieniia, spez&l bai Plesmapyr olyseprozeaatin, tur Quenchung von hai&on Piasmen 
sngawendst werdea 

ChartifrteHntk dn bttkannton fitandes der T«ehntk 

Hochendothemve Ztelprodufcie ius Plasmapyroly^epraiessen verscrtiadaner fossiler Rohstoffa* wie Acelyien und Elhylan, sind 
ats WnoHjch determinierto Zwischenprodukte atr.es radfltalisch ebtaufenden Reaktfansprozesses 1m PlasmapYrorysereefctor 
eufeufaeaen, die ein zeltitefiea Maximum ihrer Konzentrstion Im Verteuf de* Aeaktfonaprozeaies besitian, bel welchem die 
Bltdungs- und ZerMsprezeese slch fcurzzeltlg im Glelcbgewicht beflnden. Kohlenweseecstof fa, die tm Pyrotyseptesma zunSchet 
geblldet worden slrtd, zerfeflen be! AutrcehterhaHung der hohen Piasmatemperaluren fro weitoren Proze&vertauf In fluB und 
Wassei staff. Zur VerUnderung dieses Frozessee mutt das Im Plasma vorllegende chemisehe Hochterruwaturgleiehgewidit 
mdgltehstichlagtftlB eingefroren warden, Indemdas Plasma elnom Hochneschwlndigkeitsquenchproiali am 
Kontentrfltion»rT^ImumdwZielprodulrtountflrzogenvvird, 

Ja fcu*«er da Ouanehzatt lit, urn so weriger Koblenwaeserstoffa zerfalten dabel In BuS und Wasseretoff. 

Dta derail h&dtsten QuenchgeechwinolgkeHen lessen ale h durch EindGsen von Kaltgss In dan Piasmasuah! orzletcn. 

In DD-WP 260621 wird ein Verfahren zur Gasquancnung von Pyrolyaeplasman vorgestellt, wetehoa dadurch gekennzti chnet h% 

daGaUttFremdojesen, wieWasserstoftpraze&algenas Pyrolysegsavewendat wird, welches in denheften Plaemafitraht 

geblasenwird, 

Oia mitdiesem Verfahren erreichbare Quenchgeschwfndigheit tat andich und nach oben begrenzt, da dlethermlsche Trfebkrafi 
zwlechen Piaama und Pyroryse qu enchgae Irtfolge das bat Umgebungstemparatur biw. latent erhChtarTemperatur vorfiegenden 
Pyr<rfyse^sfu£ige*esfeslUegLZum 

dardas eJngedSiteri Quenchgesos. Dadurch wfrd In Verbindung mitdar hohen Vtakosltlt d&s Plasmas eine schnelia 
Vermiaehung artchwttrt. 

tm DO-WP 240841 wird die Hydrodynamik dec Gatquanehprozaasea durch machani&che MtUel, wla Elnbautan Im 
Quenchapparat, ve/beasert und inabaaondera em intensiver Quench dee hriBen Plasmestrahlzeniruma er relent. Dadurch mat 
sfeh dla Quenchgeschwindlgkait welter ateJgam, 

J edoch let audi bai diesec tfisung die mairfmala GuenchgeaehwlndigkeU infolga der unyerSndart festtiegenden thermischen 
Triabkran zwfcchen Plasma und QuenchgBS, derglaichen StrtimungsgeschwindigkeJtsrelatlonen und derretativ hohan 
ViakosiUUan dar beJdan Komponenten nach oben bagranzL 



ZlaldarCrflndung 

Das Zlel der Erfindung if tea, dia Quanchzalt bai der PlasmBpyrolyie zu mlnimler en, urn somit eine E ffaktMtfiiserhfihung des 
QesamipfozMseshfl/bekufOhren. 



Dartoaung del Waiant der Erflndung 

DerErfindung liagi die Aufgabezugrundav dia dia QuenchgeachwindJgkeit bel dar Plasmapyfoiyse nach oben begranzanden 
Faktoraa wla dia Visfothat des Plasmas und daa Krofslaufgaaea ats Quenchmittal, zu vermindern, g talchzeidg den Impula doa 
elnzumia^iandan Ouanchgasaa zu exhoban und damildia VermaichunaigeacHwindigkalt. Dae thor mUchaTt UbkraftgefSlia 
zwiachen Ptasma und Krelaleufgas sott dabel ebanfaUa verflrfittert warden. 

Oe* wellaren gilt ei, elno Varbassarung der hydrodynsmischan Badlngungen dar Vormischung heivoraurufen. 
Erflndung sgemaB wird die Aufgabe dadurch galdat* daQ. etn Verfahren zur Quenchung von holflen reakUven Plaaman aus 
Plasmepyrofysepmzeswin durch ein im aeparaten Kraislaulumlaufendas prozeaeiganas Pyrolywgas, welches unter 
Verwendung einer Lavalduse auf Obarachaitgeschwindlgkait beschleunigt und auf eine Temperatur unterhalb der 
Umgebungstemperatur abgefcuhk wird, zum Einsab kommt. 

Oas Krelateufgai wird vorEinlriilfn die LavafdOsaauf mlndeateneO^MPe vardichtat. UnminetbarninJ. dem Verlaascn der 
Lavalduse wind das Kreislaufga* In das hti^ Ptasma eingedusL 

Dia Wirfcungswatsa der erfindung baatoht dartn, daft dee Im KreUtaut umlautende Pyrolysegas f Welches eine Temperatur 
oberrialb und nana dar Umgebungstempefatur besttzt, auf mlndestens 0,2MPa verdlchiet wird und durch die enschfiafianda 
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Entspanming in eJnw UvaldGse etne AbkOhlung auf sing Temperstui untBrhaib der UmQobungstamperatur drcaldrt. Did 
SMrmmgsgcichwindlgkeit bafm Vertasson der LavaldOse llegt oberhalb der Schallgeschvrlndigkett, womii der Impute des 
untafkOMten KreteJaufgeses sehr hoch 1st Dieses schnetletrOmende, unterkdhlte Kreistaufges wild erflndungsgem&fi mit dam 
dan Ptfismareafctor vertassenden heiBsn reaktlven Plasma vermtscht 

InfoJge do* hohen Impulse* dee unterfcuhlten Krelslaufgaaes kommt es zu einam Zerreiften des Pfasmasirahles, veibur -an mil 
elnerhohen Vermtechurtgsoesehwtndigkefu 

Der zwelte Effekfc der durch die erffndungsgeniflSe Lasting erzielt wlrd, besteht darfn, daft tfurth UnterkOblung des 
Kretslnulgase* durch dieEntepennungin der LavaldQsedls thermlscheTrlebkraft iwlschen Krelstaufgasund Plasma vorgr SUCH 
wlrd, was zu einem sohnetieran und Intenalvaren Temperaturausgtatch zwlschen bekfon Medi an fuhrt. 
Eln weharar Effefct besteht In einer eth&hten WSrmekBpezitfit das umlaufandan Pyrolysegam und dsmtt einer filedrlgeren 
Tomperaturder Gaamlichung nach dam Quench, infolge der nfedrfgen Temparatur der ObanchallkreJslaufgasstrdmung wlrd 
einagegenOberder VJmgabungitemperatur nsduii arte VtekositftterrelchVvrassfch posilVauf die Vermitchung von Plasma und 
Kralsiaufgas auswU ». 



Auaffihrungsbelspte) 

In einer PJasmaanlagezur Plasmapyrotysa von Kohle fm HrPtasma iur Erzeugung von 3000QOt/a Acatylen, sowle Wasserstofr, 
Ethylan und Pyratysekoks, bfsteht ausfOnftfg 10-MW-Plaematrons mlt PJaamareafclor. 
Das aus Braunkohla gawonnene Pyrolysegas welst fotgende Zusammensetzung auf; 

C,H t ; 10Vo1.-% 
p2H4:5Vol..% 
CO:2DVot.J% 
H^OSVol,**. 

01» Pyrolysakokebeladung daa PyroIyaagiuMfaatrftgt 1 . 1 # 55tg/Nm J . Innerhalb dieser Plasmaanlage wird ftrfindungsgemflB ein 
Pyrolvsegaekieistauf realiaiert. In wetchanri etna Mange von 300000 NmVh Kreislaufgas umlSuft in einer zantralen 
Kompressorenstttlcn wtid Innerhalb des Krelslaufes das umlaufendo Pyrotysegs durch zwelstuf ige Verdiditung mit 
Zwiacnonk&Mung auf elnen Dmek von 0,3M Pa verdbhtet und In dor Nachkuhtung auf etna Tempera* • von 325 K abgekfihlt . 
Oer Adiabetenexpanent Im Pyrolysegasatrom tet x * 1,36, die Sthattgesthwindigkeh irn Pyrolysegas tai Rutwustand betragt 
53Zm/i. 

DerverdicMetotoeislaufgasstrom wird nunmehr auf 50 Pleamareaklcren aufgetelK und In einer Mango '/on GOOONmMvh je 
Plasmareaktor Jewells In einer LavefdOse auf alnan Drack vonO,12MPa adiabat antapannt 
Dadurch liegen die PyretysapararnetBi in fotgender Wei se var&ndert nach dar Entspannung vor : 

Schallgaschwindigkait im Kreislaufgas; 443 m/a 
Kreiala^esdiwindigkeH: 695m/s 
Tamperalur: 225 K. 

Welterhin wird die Visko&ftSt des Krolstaurgaaea eur etwa ZOKgegenflber dom Wert bel Normalbadingungen abgesenfcL 
In o^mnunterkOhtttn. ntitOberscbaUgascdiwM 

reaklives heifles Plasma sua dom Plasmapyratyaaraaktar mtt emar Temparatur von 2200 K elngadQat 
Infolga dwgraOenordnungtmASig vergleichbaran hohen Oesohwrndlgkaiten von Plasma und Oberschallkra'tslaufgasslromung 
sowie dsrgegenOberdem Umgsbungszustand atarkabgesankten Viskositatdes Krelstaufgaseakommt es in einer Intenaiven 
Verml$chung balder Strdme, 

Durch die grtaarethermlscheTriebkraftzwischen Plasma und Krelstaufgas wird der Quench verbessertund dar 
Temperaiurausglfilch baiondera in dar Anfangspnase des Kontaktes beschleunlgt 

Elne welters posithre Wirkung basteht Im hfiheren Enaigleauuiahmevermogen dar kalten Oberachallkrelslaurgasatrfimung und 
damU elne Abaenkung der Misehtemparalur, die aich b»1 cm. 900 K emstellt. 

Dar Ouanchprozafi wlrd inagesamt durch die urn 10... 20% gastefgerte Ouenchneschwindigkelt wesentlich etfakuVer und der 
Acetylcnzef fall betogan auf die ProdtikHonskapazitStder Anlage gagenuber herkdmmltchen QuBncharten um ca. 3000t/e 
gesankt. 

Nach dam Ouenchpre*$fli*ifd dasPyolysagas ISOOK: ai2MPa; 60QOOONm 3 /h) durch rekuperttive Abwfirmenutzung 
abgakObtt Ober Zyklone und w«Kare gaalgnata FeatstofTafaschalder von Pyrolysekoks befrelt und au« dam Pyrolyaegaastrom 
3O0C0ONmVh In tfie Wetterveferbeltung eusgefcrelat* 

Die andereh 300 OOOMm'Vh als zwaiter TaHstKwn warden Im Krelstauf uber die echon erwahnte Kompreaslon wledar dar 
LavalduseiugefOhrt. 

Eaitiledochauchmogltch, <fie Auskroisungo^TeiMrDmeszur Weitervararbaitung nach der Kompressionsstufe 
durchzulOhren* 

Eln weiterer Vortell des edlndungsgemSaan Verfahreni 1st, daa der epparattve Aufwand iur Durchl&hrung des Verfahrens mit 
elnfacbenMlttelnsehr gertng 1st und elnen sicherenB«trieb der QttencbsUiregarantlert. 



